Experiments involving the collection of radon progeny from the atmosphere are described. Samples are collected for times ranging from 10 to 60 min using an electrostatic field and filtered air. A comparison is made of the total beta count obtained from samples collected via the two methods. The ratio (activity Bi 214 /activity Pb 214 ) at 15 min after the end of sampling is determined by a weighted least squares fit of the total beta count to theory. Clear differences are found in the composition of the collected samples using the two sampling methods. Two theoretical models are considered. They are (a) a model which assumes that the samples of radon progeny are in secular equilibrium, and (b) a model which assumes that only Po 218 is collected. Secular equilibrium occurs when the lifetime of the parent (Rn 222 ) is much larger than the lifetimes of the progeny in which case the activities (Nλ, where N is the number of a particular progeny and λ is the corresponding decay constant) of the progeny are equal. The results tend to indicate that the electrostatic method collects only Po 218 , whereas a mixture of radon progeny are collected via the filtered air method. However, in the filtered air case the mixture is not in secular equilibrium. Experiments of this kind are appropriate for inclusion in an experimental physics course at the junior or senior level. The experiments can be performed using inexpensive hardware and software and are particularly appropriate for modestly equipped physics departments.
Introduction
The collection of radon progeny from the atmosphere, and the subsequent observation of their radioactive decay, makes a pedagogically interesting laboratory exercise for undergraduates. In experiments of this kind the radioactive samples are usually collected either by using an electrostatic field [1] [2] [3] [4] [5] [6] [7] or by drawing air through a filter [8] [9] [10] . An innovative alternative to these two techniques has recently been described in this journal by Peralta et al [11] who suspended strips of paper or aluminium foil in an air-tight enclosure containing rocks with a significant uranium content.
In the present paper we report on a laboratory exercise that takes a detailed look at the collection and decay of radon progeny. Collection is performed using (a) an electrostatic field and (b) by drawing air through a filter. Such a detailed investigation highlights some of the experimental, theoretical and computational complexity inherent in real life radioactivity. Experiments of this kind are suitable for incorporation in an upper level experimental physics course after the student has been exposed to some basic experiments involving radioactivity. The investigation described in this paper can be performed with a minimum of effort over a period of a week or two, using readily available and inexpensive equipment [12] even though it entails the collection of a large amount of data. The availability of sophisticated data analysis and plotting software such as PSI-Plot [13] , together with modelling programs such as STELLA [14] , also makes such a study possible in a reasonable amount of time. Without these or similar tools the investigation described in this paper would be beyond the reach of undergraduates in modestly equipped physics departments, and only feasible for dedicated radon research groups.
Section 2 presents a summary of pertinent background information on radon and its progeny. Section 3 outlines the theory relevant to the radioactive decay of radon and its progeny in a form suitable for our purposes. Section 4 presents the experimental results and data analysis based on the theoretical framework presented in section 3. Details of the STELLA [14] model can be found at www.thiel.edu/radon/. The final section contains a conclusion and some suggestions for additional projects that could be carried out using the tools utilized in the present study.
Background
Radon is a radioactive gas, which is ubiquitous in our natural environment. It is produced in the naturally occurring radioactive decay of uranium-238 (the uranium series), uranium-235 (the actinium series) and thorium-232 (the thorium series). The isotopes of radon that occur in each of these series are Rn 222 , Rn 219 , and Rn 220 respectively. The abundance of naturally occurring uranium-235 is only about 0.7% and therefore the radon isotope Rn 219 is unimportant in the natural environment. For historical reasons this isotope is also referred to as actinium emanation or An. The radon isotope Rn 220 , which was discovered by Rutherford and Owens in 1899 [15] (see also [16] and [17] ), and was initially called thoron (or thorium emanation Tn) is also of relatively minor importance in the natural environment because of its short half-life (51.5 s). It may, however, be important in mine atmospheres. Because of the short half life, it does not have time to move very far from its solid parent, astatine-219. On the other hand, the isotope Rn 222 has a half-life of 3.82 days, and is a major contributor to the natural radioactivity of the atmosphere near the earth's surface. With its long half-life, it has plenty of time to diffuse through microcracks in rocks and through the soil, away from its solid parent (radium-226), and to enter the atmosphere. Rn 222 was initially named radium emanation by its discoverer, the German Chemist Ernst Dorn [18] . It was isolated by Ramsay and Whytlaw-Gray in 1908 and renamed niton. It was not until the 1920s that the name radon was introduced.
In 1901 Elster and Geitel [19] made the interesting discovery that a negatively charged conductor placed in air became radioactive, whereas a positively charge conductor did not. Rutherford and Allen [20] used a long insulated copper wire 15 m in length, charged to between −5000 V and −100 000 V with a Wimhurst machine, to collect what they referred to as 'the excited radiation from the air'. They were the first to report that the 'excited activity from the air' falls to half its value in about 45 min.
Up through the mid 1920s radon was considered by many to be a cure all for a variety of ailments, probably because of its association with hot springs throughout the world. Bettis and Throckmorton [21] have given a concise and readable account of the historical attitudes towards radon. An interesting commentary on the early years and a display of therapeutic gadgets from the 1920s and 1930s can also be found in an article by Paul Frame at the Oak Ridge Associated Universities Website [22] .
Growing concern during the 1950s to 1970s over the health risks to uranium miners prompted the development of a variety of techniques and procedures for collecting and analysing air samples. Electrostatic and filtered air collection became common methods for obtaining radon progeny samples for analysis. In the 1980s and 1990s concern expanded to include indoor environments, and the use of charcoal canisters [23] [24] [25] [26] to collect radon itself became a common method for collecting samples. A recent summary of state of the art instrumentation has been given by George [27] .
Given that radon and its progeny are in the air, there are at least three complex questions that need to be addressed in attempting to assess the health risks associated with environmental radon. First: how can the distribution of radon and its progeny in a particular environment, under particular conditions, using various collection methods and measurement techniques be determined? Second: knowing what is present, how is the radon and its progeny transported and deposited in the lungs? And third: once the mix is deposited at various sites in the lungs what effect does the deposited material have? We shall focus on the first of these questions in the present paper. A good technical perspective on the complexity of the radon health risk problem can be found in the book edited by Nazaroff and Nero [28] .
Theoretical framework for the collection and decay of radon progeny
In a modern physics course students are introduced to radioactive decay by considering the reasonable assumption that the rate of decay of a sample is proportional to the number of nuclei of a particular species present in the sample. The usual exponential decay law follows. Rarely is there time to consider a sequence of decays in detail even when the naturally occurring radioactive series are discussed. Also, most of the standard laboratory experiments involve simple single species decay, or the measurement of α, β and γ radiation from long-lived encapsulated sources. A project such as the one outlined in the present paper allows the student to build on the basics, and to investigate an important real world decay series.
Rn 222 , with a half-life of 3.82 days, is the seventh element in the naturally occurring uranium-238 radioactive series. Its parent is radium-226, which has a half-life of 1600 years. The radon sub-series ends with the relatively long-lived lead isotope Pb 210 (half-life = 22.3 years). Figure 1 shows the decay sequence of the radon sub-series. Table 1 gives the decay constants, half-lives, types of radiation, energies and principal gamma rays of the relevant radon progeny.
The theoretical development presented below is well known and follows closely the theory laid out by Whyte and Taylor [9] , Raabe and Wrenn [29] , Zhang and Luo [30] , and Papp and Daroczy [31] . The last three of these references are given as illustrations of some of the complexity involved in radon studies. A reader interested in even more detail should consult Nazaroff and Nero [28] .
Sampling phase
The progeny that are candidates for collection, and contribute either directly or indirectly to beta emission, are Po 218 , Pb 214 and Bi 214 . Let N 1 (t), N 2 (t), and N 3 (t) be the number of Po 218 , Pb 214 , and Bi 214 nuclei at any instant of time t, and let their decay constants be λ 1 , λ 2 , and λ 3 respectively. Assume that initially
Also, assume that the rates of collection at any time t are given by C 1 (t), C 2 (t) and C 3 (t) respectively. With these assumptions, the relevant rate equations are
These rate equations are quite general up to this point. The equations can be solved numerically with a minimum of effort using STELLA [14] (see www.thiel.edu/radon/). Two special cases were considered in detail. The first is the case of secular equilibrium. Secular equilibrium exists when the activities of the progeny are equal (λ 1 N 1 = λ 2 N 2 = λ 3 N 3 ). This assumption has been made in a number of studies (see for example [9] ) although it seems to be the exception rather than the rule for many atmospheres that are sampled by filtration. The second is the case where only Po 218 is collected. This latter case seems to be applicable to electrostatic collection.
If we assume that C 1 , C 2 and C 3 are constant during the collection process, equations (1)- (3) can be solved analytically (see for example [9] ). The solutions can be written
We do not use these analytic solutions in this paper but feel it is important to give them for completeness. They also provide a way to check the numerical solutions obtained using STELLA [14] .
Post sampling
After sampling has been completed, C 1 = C 2 = C 3 = 0, and the rate equations are
In these equations the initial values for N 1 , N 2 and N 3 are the concentrations at the end of the sampling phase. We shall denote these by N 1 (T ), N 2 (T ) and N 3 (T ) respectively, where T is the sampling time.
The solutions to equations (7)- (9) are (see for example [30] )
Note that in the above equations, t begins at zero. In other words, the zero of time for the post-sampling period is when sampling ends and corresponds to a time T after sampling began.
If we delay counting until t T C , where T − T C is equal to four or five half-lives of Po 218 , then the activity of Po 218 should be close to zero, and (10)- (12) reduce to
and
The activities, A 2 (t) = λ 2 N 2 (t) and A 3 (t) = λ 3 N 3 (t), during this delayed, post-sampling period, are therefore
In equations (16) and (17), t = 0 corresponds to time T C after sampling began.
In an actual experiment, the count in successive intervals t is measured, so that (16) and (17) must be integrated over a time from t to t + t. This leads to multiplicative factors of the form (1 − e −λ t )/λ for each exponential. Taking account of the counting efficiencies, ε 2 and ε 3 for betas from Pb 214 and Bi 214 respectively, and introducing a factor G to take account of the geometry, we can write the beta count due to Pb 214 and Bi 214 as
The total beta count is the sum of (18) and (19) . The sum can be written in the form
where
In (21) and (22), we have substituted the values for the decay constants from table 1, and used a counting time interval of 100 s. This is the count interval that was used in the experiments reported in section 4. Experimentally, F A and F B can be determined by fitting (20) to the experimental data. The ratio of the activities of Bi 214 to Pb 214 at time T C can be found in terms of F A and F B . From (21) and (22) we find that
We shall use equation (20) when we fit the experimental data to theory and equation (23) to find the ratio of the experimental activities at T C = 15 min after the end of sampling.
Experiments

Collection of samples
The room chosen for the experiment was an essentially undisturbed, windowless, basement, workshop area. Radon progeny were collected (a) by an electrostatic field and (b) by drawing air through a filter.
4.1.1. Electrostatic sampling. Two copper tubes, 1.74 m long with an OD of 0.5 cm, were spaced approximately 2 cm apart (centre to centre) and supported on wooden blocks. The copper conductors were connected to a variable (0-5 kV) power supply [32] . The power supply was switched on and the voltage of one electrode (the collector) adjusted to −5000 V. The positive terminal was grounded. Sampling times of 10, 20, 30, 40 and 60 min were used. Four runs at each sampling time were performed. After sampling, the negative conductor was wiped with alcohol swabs obtained from a local drug store. Wiping was performed with a twisting motion. One side of the swab was used then the other. The procedure was repeated with a second swab. The two swabs were then taken to the counting station described below. Counting was started 5 min after sampling ended. However, only the counts taken from 10 min after counting began (or equivalently 15 min after the end of sampling) to 100 min after counting began were included in the data-fitting procedure described below.
Filtered air.
An old air track blower was used to collect the filtered air samples. A wire mesh was placed over the intake and a 2-ply Kleenex tissue was then placed on the mesh. At first, filter paper from the chemistry department was tried but this cut down on the air flow to a considerable extent and was ineffective as a collection medium. The unit was switched on and samples were collected using the same collection times as for electrostatic collection. Four samples were collected for each collection time. The samples were taken to the counting station and the counting was carried out in the same way as was done with electrostatic sampling.
The counting station
The radiation detector consisted of a small, battery powered, GM tube and rate meter mounted in a plastic case (Model number 4/4EC made by S E International, Inc. and available from Vernier software [12] ). The halogen-quenched GM tube, LND 712, had a mica window with a diameter of about 1.2 cm. The window thickness was stated by the supplier to be 1.5-2.0 mg cm −2 . The unit was positioned vertically inside a heavy iron shielding cylinder with the GM tube pointing upwards. The shielding cylinder reduced the background count by about one half. The resulting background count was 13 counts in 100 s. Al absorbers with a total thickness of 8.3 mg cm −2 were placed on top of the unit to prevent the counting of alphas from Po 218 (E alpha = 6.002 MeV) and from Po 214 (E alpha = 7.83 MeV). The output from the GM tube was connected to Vernier Software's Universal Lab Interface [12] which in turn was connected to the computer. The Logger Pro software, also available from Vernier software, was used to collect the data. The count in successive 100 s intervals was recorded. Counting was started 5 min after the end of sample collection, and continued for 100 min or 6000 s.
Data analysis
Examples of the data obtained using the counting procedure outlined in the previous section are shown in figures 2 and 3. The background count has been subtracted in these figures.
The data shown in figure 2 are from one of the 30 min electrostatic runs. The data shown in figure 3 are from one of the 30 min air filter runs. Error bars (equal to the square root of the count) have been added to the data points. The solid curves are the weighted least squares fits of the data to equation (20) (see below).
In order to analyse the data, the ratio of beta collection efficiencies ε 2 /ε 3 must be determined. This was done as described in [9] . The mass absorption coefficients for betas from Pb 214 and Bi 214 were first calculated using the expression given by Evans [33] (µ/ρ = 17/E 1.14 βmax ; E 1.14 βmax is the maximum beta energy in megaelectronvolts (see table 1 ) and µ/ρ is in cm 2 mg −1 ). The attenuation of the beta particles from Pb 214 and Bi 214 , due to an absorber of mass-thickness x = 2 + 8.3 mg cm −2 was then determined using e Data from four runs at each collection time, for both electrostatic and filtered air collection, were analysed. The counts were fitted to equation (20) using the weighted least squares method available as a standard option in PSI-Plot [13] . This procedure yielded best-fit values for F A and F B for each run. Using these values, and the value of ε 2 /ε 3 as calculated above, the ratio (activity Bi 214 /activity Pb 214 ) was determined (equation (23)). The average and standard deviation was then determined. Figure 4 shows the results.
In figure 4 , the experimentally determined activity ratio (activity Bi 214 /activity Pb 214 ) at 15 min after sampling ended is plotted as a function of collection time. The solid circles with error bars are the data obtained using electrostatic collection and the open circles with error bars are the data for filtered air collection. Although there is a substantial uncertainty in the ratios, as indicated by the error bars, there is a clear difference between the ratios determined using electrostatic collection and those using filtered air collection. Clearly the mix of progeny collected is not the same for the two collection methods. The upper solid curve shows the • are the data for electrostatic collection and • are the data for filtered air collection. The error bars are standard deviations for four runs. The lower solid curve is the theoretical value calculated using STELLA and assuming Po 218 is the only progeny collected. The upper solid curve is the theoretical curve assuming that the collected progeny are in secular equilibrium.
theoretically predicted ratio determined by using STELLA [14] assuming that the collection rate is constant and that the progeny are in secular equilibrium. Secular equilibrium implies that the number density ratio of Po 218 to Pb 214 to Bi 214 is 1:8.636:6.427. The lower solid curve is the theoretically predicted ratio if only Po 218 is collected at a constant rate during sampling.
Conclusions, discussion, and suggestions for further projects
From the data presented in the previous section it would appear that only Po 218 is collected using the electrostatic method. This seems to be consistent with the literature dealing with electrostatic collection (see in particular [3] and the papers cited therein by Hopke et al). We note, however, that the relatively large standard deviation in the results (figure 4) may indicate a small admixture of other positive ions. On the other hand such uncertainty may arise because of a fluctuating collection rate of Po 218 only. For the smaller collection times (particularly 10 min) poor count statistics may also play a role.
In the case of filtered air collection it seems quite apparent that a distribution of progeny is collected, but that the progeny are not in secular equilibrium. Much of the literature (see [28] ) seems to support the contention that this is generally true. In the case of filtered air collection the large standard deviation tends to indicate variations in relative concentrations over time of day. In this regard it should be noted that the four samples at each collection time were collected on different days and at different times during the day. It should be pointed out that this is a different effect to that mentioned in regard to the uncertainty in the data collected by an electrostatic field. Perhaps the statistics could be improved by closer attention to time of day and environmental conditions. In addition it should be pointed out that it is quite likely that the Kleenex filter does not collect 100% of what is present in the air. It may only collect dust particles above a certain size and if the different progeny are distributed differently according to size a skewed sample may result.
With the above comments in mind we make the following suggestions for follow-up projects.
(a) Measure the beta activity of samples collected with varying layers of the same grade Kleenex. Does this change the measured activity ratio?
(b) Use different types of tissue (3-ply tissue, tissue with lotion etc). Does this change the measured activity ratio? (c) Measure the build-up as well as the decay using Kleenex. This is easy to do for the filtered air collection but not for electrostatic collection using an apparatus like the one used here (but see [3] ). The build-up of the beta count, particularly at short collection times, might be another good indicator of the composition of the collected sample (d) Perform simultaneous collections, in different parts of the chosen room, using either the electrostatic or the filtered air method or both. (e) Investigate the effect of varying the collection voltage and/or the spacing between conductors.
